Intertidal culture in meshed bags on trestles is worldwide the most established culture method for oysters. Culturists can affect oyster performance by adjusting stocking density and immersion time, and it can be expected that these factors are not independent. The combined effect of stocking density and immersion time on survival, growth and condition of oysters was investigated on a culture site, where oysters are usually stocked at 8 kg bag −1 . Half-grown oysters were stocked in three biomass densities: 4, 8 and 12 kg bag −1 , nested within three immersion times (87%, 76% and 73% of tidal cycle). Chlorophyll-a concentration peaked in summer (~3-10 μg l −1 ) and was low in autumn (~1 μg l −1 ), and high chlorophyll-a levels coincided with oyster spawning period. Survival was not affected by density or immersion time. Shell growth per oyster and biomass production per bag were density dependent-higher at 4 than at 12 kg bag −1 -but neither were different from 8 kg bag −1 . Growth rates were negativity related with immersion over the spawning period but showed a (non-significant) positive trend over other periods. At harvest, condition per oyster decreased with stocking density and increased with immersion. There was no interaction between density and immersion. Treatments had a more pronounced effect on meat content than on biomass production. Hence, oysters might be kept at higher stocking densities to increase biomass production during most of the growth cycle but restocked in lower densities, with longer immersion times prior to harvest to maximize meat content at harvest.
Introduction
Extensive shellfish aquaculture is largely dependent on the environment for seed and feed. Optimizing culture practices or system design for culture is based on anticipating to this https://doi.org/10.1007/s10499-019-00460-9 environment. Shellfish farmers anticipate food availability by trying to optimize shellfish density, mostly based on experience, by adjusting stocking density and thinning-out practices. Shellfish density affects growth and survival when individuals compete for food or for space (Marshall and Dunham 2013; Honkoop and Bayne 2002; Fréchette and Bacher 1998) .
Oysters are the foremost cultured species in volume in global aquaculture production, and much of the oyster culture takes place in intertidal areas (FAO 2018) . Oysters in intertidal areas are subjected to different immersion times that at some point affect growth and survival (Vincent et al. 1994) . At the same time, it might very well present an opportunity for the oyster growers to manipulate growth and survival.
In the Netherlands, Pacific oyster (Magallana gigas) cultivation is mainly carried out on subtidal bottom plots (Drinkwaard 1999) . However, oyster production is under pressure, it suffers from large mortalities, mainly due to the oyster herpes virus (Engelsma et al. 2010 ), but also other threats such as the oyster drill Ocenebra inornata (a predatory snail) (Faasse and Ligthart 2009 ). This development calls for a number of measures, including more efficient and productive culture techniques. Recently, a consortium of Dutch oyster growers has started experimenting with culturing oysters in the intertidal in meshed bags on trestles. Worldwide the most established culture method for M. gigas (Buestel et al. 2009; Forrest et al. 2009 ), but a novel culture method for the Netherlands.
The culture cycle currently starts with oyster seed collected with seed collectors (coupelles) that are employed at the culture site, or with oyster spat from a hatchery. About 5 kg of oyster seeds (ca. 5000 seeds) are stocked in 0.5 m × 1 m bags with a 6-mm mesh until they are about 25-40 mm and restocked in lower biomass densities (2.2 kg) in bags with 12-mm mesh. After 8-10 months, oysters are restocked in bags with 16-mm mesh in a biomass density of 8 kg bag −1 for grow-out until harvest that occurs usually at the end of the year (Nov-Dec). The outgrow phase also takes place with half-grown oysters that are handpicked from wild oyster beds. During the outgrow phase, oyster bags are turned manually every 2-4 weeks. Some farmers treat fouling, especially seaweed fouling by spraying 9.5% acetic acid during low tide.
At new culture sites and with a new culture technique, oyster growers are facing questions on optimization of production. It can be expected that factors that affect performance are not independent but act cumulative. Here, we present the results of a large-scale experiment on combined effects of density and immersion on the performance of cultured oysters. At the scale of culture units, it was investigated how the combined effect of stocking density and immersion time affected survival, growth and condition of oysters stocked in meshed bags on trestles in the low intertidal area in relation to on-site food quantity. It is expected that survival, growth and condition decrease with density and that the magnitude of this effect increases at lower immersion times and in periods with lower food levels.
Material and methods

Area
From 17 April 2014 to 9 December 2014, a field experiment was carried out at an oyster culture site (2500 m 2 ) located on an intertidal mudflat in the Oosterschelde estuary, the Netherlands (51°34′53.86″ N; 3°53′15.74″ E). At start of the experiment, the entire site consisted of 1470 meshed bags, with ca. 200 oysters per bag (approx. 118 oysters m −2 over the entire oyster culture site), on trestles arranged in 16 rows (Fig. 1 ). The oyster tables were set out parallel to the water's edge, and the incoming tide followed the rows from the row with the experimental locations A:C, then to the row with locations D:F, and then to row with locations G:I ( Fig. 1/b ). Current directions over the culture plot were measured using ultrasonic flow meters (Acoustic Doppler Current Profilers, Nortek AS) at the edge of the culture plot (site A, Fig. 1 ) prior to the experiment (on 7-9 April 2014), when the trestles were present, but the oyster bags not placed yet. A calibrated logger-type chlorophyll and turbidity meter (ACLW2-USB, JFE Advantech) became available in July and was installed at the same height as the oyster bags at site A (Fig. 1 ) and measured at a 10-min interval from 14 July to 9 December 2014.Ā (© 2013, Esri Nederland and Grontmij Nederland) ; experimental locations are indicated by letters (A-I), and the arrow indicates North. b Radar plot with current velocities (m s −1 ) on the horizontal axis and with current direction in degrees relative to the North, which is set at 0°. Velocity measurements were carried out over 3 days (7-9 April 2014) with a 10-min interval 50 cm above the sediment at location A in A
Experimental setup
Oysters used for the experiment were redistributed from bags that were already lying on the culture plot. These were handpicked oysters from the intertidal Oosterschelde stocked during the autumn (September-November) of 2013. The oyster grower generally stocks half-grown oysters (about 40-50 g) in a biomass of 8 kg bag −1 . We selected oysters within a size class of 71.4 ± 10.4 mm, the estimated average size of half-grown oysters from the commercial stock. The average oyster wet weight at the start of the experiment was 49.98 g ± 15.52 g. To deal with size variation, individual oysters were followed. To achieve this, 30 oysters were randomly selected from each bag and individually marked before the experiment started. Marking was done by engraving a Roman numeral, from 1 to 30, behind the umbo in the ventral-dorsal direction on the shell (Fig. 2) . To keep marked oysters together, they were placed in a small 'inner' bag (70 × 30 cm, mesh 12 cm), which was placed in the larger 'outer' bags that were used to culture the oysters. Size of the inner bags was large enough to prevent competition for space within the inner bag. Oyster bags were treated by the culture company like all other oyster bags on site, including turning the bags and fouling removal.
Oyster performance (growth rate, mortality rate, and condition index) was tested at different immersion times and at different initial densities according to a split-plot design. Due to practical constraints in the field, it was not possible to spread the experiment on statistically independent line of metal trestles. The split plot design manages this problem through blocking (here by location). Therefore, oyster bags (100 × 50 cm, mesh size 12 mm) chosen for the experiment were relayed at nine experimental locations, indicated by A:I in Fig. 1 . To test the effect of stocking density, we restocked the bags in three different densities based on mass: Fig. 2 Engraved oyster shell (ca. 70 mm) reading number 28 in Roman numerals in the ventral-dorsal direction 4 kg bag −1 , 8 kg bag −1 and 12 kg bag −1 . Bags containing three different biomass densities were placed in triplicate and randomly at the nine locations (A:I in Fig. 1 ) on the trestles at each site. In total, 81 oyster bags were distributed over nine locations with totals of 27 bags with 4 kg bag −1 , 27 bags with 8 kg bag −1 and 27 bags with 12 kg bag −1 . This setup also provided three different immersion times. The longest immersion time (87% of tidal cycle) was covered by sites A, B, and C (Fig. 1) , the intermediate immersion time (76% of tidal cycle) was covered by sites D, E, and F (Fig. 1 ), and the shortest immersion time (73% of tidal cycle) was covered by sites G, H, and I (Fig. 1 ). All treatments are summarized in Fig. 3 .
Sampling
Oysters were placed in the field at 25th of April and were collected four times between the start and the end of the experimental period: 26-28 May, 7-8 Jul, 25-26 Aug and 22-24 Sep. Oysters were taken to the laboratory, a 30-min drive from the field site. At each sampling moment, maximum ventral-dorsal shell length was recorded for each individual marked oyster, and the individual wet weight was obtained. After measurement, the oysters were kept in a basin with running saline groundwater (with 28 g l −1 about the same salinity as the Oosterschelde estuary) and relayed to the site the next day.
Final measurement was achieved in the period from 1 December to 9 December 2014. On five days, a randomized number of bags were taken from the field. After measuring the length and wet weight, a subset of oysters was sacrificed for further analysis. The subset consisted of 17 random oysters from each bag. The oysters were opened, the meat was collected and weighed, and the 'wet' shells were weighed. The dry weight of the oyster meat was obtained by drying it at 80°C in a prepASH (prepASH® 340 series, http://prepash.com) until the change in weight of each sample was less than 0.1% per 0.5 h. The ash weight was obtained by heating at 540°C in a prepASH until the change in weight of each sample was less than 0.1% per 0.5 h. The ash-free dry weight (AFDW) was calculated as the net difference between the dry weight and the ash weight. 
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Data analysis
There are two studied factors in this design: immersion time as main factor, density as subfactor, with location as blocks. Measurements of individual oysters are utilized, but these measurements are nested to a bag (practical constraints) and each bag is nested to the interaction immersion time × stocking density and bags are triplicated ( Fig. 3) . Variability between the locations in the split-plot design was used in a nested ANOVA to test the effects of the main factor (immersion time); the variability between the triplicated bags was used to test the effects of the sub-factor (stocking density) and its interaction with immersion time; and at the lowest level of the nested design, the variability between measurements on each oyster is the error term of the ANOVA and was only used to test the between bag variability. The oyster farmer harvested oysters from the culture plot shortly before the final measurement period (Dec 2014). At location F, all the experimental oyster bags were accidentally harvested, and these oysters were lost in the process. This introduced two main sources of unbalancing i.e. (1) absence of results for the F location and (2) oyster mortalities. As stated by Sokal and Rohlf (1981) p. 293, nested ANOVAs with unequal sample sizes generate complications about (1) computations that become much more tedious and (2) absence of exact tests of significance. Therefore, homogeneity of variance assumption that can result from the missing F location was carefully checked in all models, and in the case of overall mortality, we considered it still possible to use a balanced data set with only one value (total mortality rate) per bag.
Standardized residuals of the ANOVAs were checked for normality using a histogram and were plotted against fitted values and against each explanatory variable to validate the model. The residuals followed a normal distribution closely, and no violation of homogeneity was indicated. When significant overall effects were found, pairwise comparisons were made by means of a Tukey HSD test from the agricolae package for R (de Mendiburu 2017). Two possible sources of pseudo-replication were identified in the analysis: (1) repeated measurements on the same oyster and (2) spatial autocorrelation. Problems with repeated measures (for growth data) were minimized due to the large sample size per treatment (in total 2430 engraved oysters were stocked), similar origin and size of the oysters and randomisation at stocking. Spatial autocorrelation was investigated by plotting the residuals of the model in a variogram. Residuals in the variogram showed no increase or decrease; spatial autocorrelation could not be detected.
Growth rates between sampling points and over the experimental period were calculated for shell length as (L end − L start ) / t, with L as maximum individual oyster's shell length in mm and t time in days and for oyster wet weight as (W end − W start ) / t, with W as individual wet weight (g). Mortality rates during the experimental period were calculated per bag as ln(n start ) − ln(n end ) / t, with n as number of oysters per inner bag (n start = 30) and t time in days. The market value of oysters for the industry is strongly connected to quality or meat content. We used condition index (CI) of the oysters as a measure of meat content. CI at the end of the experiment was calculated as [dry tissue weight (g) / shell cavity volume] × 100, with wet oyster weight (g) minus shell weight (g) as a proxy for the shell cavity volume (Abbe and Albright 2003) . Relative biomass production ratio (BPR) is relevant for culture practices and is defined by growth and mortality. It is expressed as (B end / B start ), with B as oyster biomass (kg) per bag. Differences between treatments were tested according to the same procedure used for growth rate.
Results
Current velocities at ca. 50 cm above the sediment (the same height as the oyster bags) (location A, Fig. 1) were in a range of 0-20 cm s −1 at flood tide and 0-40 cm s −1 at ebb tide (Fig. 1b) . The mean chlorophyll-a concentration over the entire experimental period from April-December 2014 was 4.02 μg l −1 . Average chlorophyll-a concentrations over the periods when oyster samples were taken (indicated by I, II and III in Fig. 4) were 3.4 μg l −1 over period I, 7.2 μg l −1 over period II and 1.8 μg l −1 over period III. There was no overall significant relation between growth rates (g day −1 ) and chlorophyll-a content (Fig. 5a -c for the different densities and Fig. 5d -f for the different immersion times). However, in period I, growth rates decreased with density (F(12,2) = 12,14, p = 0.001); oysters placed in low-density showed significantly higher growth rates than at the highest density, but there was no difference with the reference biomass of 8 kg bag −1 . There was no effect found for the different immersion times. In period II, chlorophyll-a levels showed maximum values, but this period is also the period when oysters spawn (Troost 2009 ) and, as a result, oyster weight dropped. Growth rates decreased with stocking density and were significantly higher at the lowest density compared to the other densities (F(12,2) = 4.92, p = 0.03). Growth rates were lower at the longest immersion time, and a negative interaction between density and immersion time (F(12,4) = 8.46, p = 0.002) was found. In period III, growth rates also decreased with stocking density and were significantly lower at the high-density treatment than at the reference and low-density treatment (F(12,2) = 33.14, p < 0.001).
Over the entire experimental period (April-December), growth rates in shell length (mm day −1 ) decreased with initial stocking density (Table 1) . Here, 4 kg per bag showed higher growth rates than 12 kg per bag, but no indication was found that the starting densities of 4 kg per bag and 12 kg per bag differed from the reference stocking density of 8 kg per bag (Fig. 6 ). Fig. 4 Daily averaged (measured at a 10 min interval) chlorophyll-a concentration (μg/l) at the experimental site (location A, Fig. 1 ), from July to December 2014; I, II and III indicate periods over which oyster growth was measured Average oyster mortality per bag was 22% (mortality rate 0.00051 day −1 ) over the entire experimental period (April-December), 7% per bag mortality occurred in the first month, increased to 9% in the second month and decreased steadily towards 0% at the end of the year. No relation was found between oyster mortality rate per bag and the effect of immersion time or stocking density (Fig. 7) .
The per bag biomass production ratio (BPR) is the result of growth and mortality from the start to the end of the experiment (Fig. 8 ). When this ratio is one, growth fully compensates for mortality, when this ratio is above one; the net growth is higher than is the net mortality. In all density treatments, a net biomass production was observed. No evidence could be found that the BPR of the reference stocking biomass of 8 kg per bag differed from the BPR of 4 and 12 kg per bag. However, at an initial stocking density of 4 kg per bag, a significantly higher BPR was found than at an initial stocking density of 12 kg per bag ( Fig. 8 and Table 2 ). Condition index at the end of the experiment was negatively related to initial stocking density and was positively related to immersion time (Table 3 and Fig. 9 ). In this relationship, no interaction was found between stocking density and immersion time. Condition index was significantly higher at an initial stocking density of 4 kg per bag than at an initial stocking density of 8 kg per bag, which was significantly higher than at an initial stocking density of 12 kg per bag (Fig. 9a ). Furthermore, condition index was significantly higher at a low immersion time (87%) than at immersion times of 76 and 73% (Fig. 9b ).
Discussion
We found density-dependent effects and effects of immersion period on the performance of the oysters, but no evidence was found for an interaction effect between immersion time and stocking density.
Effect of stocking density
Growth rates reflect food availability over the period it is measured ). However, not all food is transferred to shell or tissue growth, a proportion of the food is allocated for reproduction and maintenance (Bernard et al. 2011) . Oysters store glycogen in vesicular cells outside the growing season (November-March), which is diverted to gametogenesis in spring and summer (Berthelin et al. 2000) . Spawning in the Oosterschelde area generally takes place in the period August-September (Troost 2009 ), when food levels are high (period II: Fig. 4) ; spawning-associated weight loss resulted in low growth rates in this period, and there was no difference in growth rates between the high density treatment and reference density of 8 kg per bag (Fig. 5b ). In the period after spawning (and preceding harvest), the oysters recover from spawning, but in this time of year, food levels have dropped (period III: Fig. 5c ).
Results point out that growth of the oysters was negatively affected by density. This pattern was consistent over all measured periods, i.e. at all food levels. Furthermore, condition index was more sensitive to detect such patterns than changes in shell length or wet weight. However, differences in condition index are probably dependent on timing of the samples taken. In shellfish, growth rate integrates variation of food availability over the period that it is measured, while condition index is a measure that reflects feeding conditions in a short period prior to measurement (Filgueira et al. 2013; Pouvreau et al. 2006; Capelle et al. 2016) . Because condition index is a proxy for meat content and sampling is destructive, it was only measured in the period when meat content matters for oyster growers, which is in the harvest period (December). Practically, meat content can be increased by decreasing stocking biomass prior to harvest. Oysters were handled intensively at the start of the experiment when engraving their shells. This handling did not result in substantial oyster mortality, and mortality showed no peak at the first sampling moment. Furthermore, oyster mortality was not related to stocking density. Mortality at our study site was in line with other studies in Europe (Soletchnik et al. 2002; Syvret et al. 2008) .
Biomass production is determined by the growth and survival during the period between stocking and harvest. Therefore, the biomass yield in extensive bivalve mollusc culture is determined by the extent to which growth can offset mortality (Petraitis 1995; Dare and Edwards 1976) . The relative biomass production ratio (RBP) at the reference stocking density of 8 kg per bag was not different when densities were either decreased by 50% or increased by 50%. Differences in RBP are hereby similar to differences in growth rates, because mortality was not density dependent.
In the current set-up, the total experiment did not change the effective density of the site, since an equal number of bags had 50% reduction and 50% increase in stocking density. It is expected that when the effective density of the site increases, growth will be more reduced. Several tools are developed to estimate this production capacity of a (potential) culture site based on the environment and farm configuration (e.g. in Hawkins et al. 2013, and in Ferreira et al. 2009 ). However, when a shellfish population is maintained below the exploitation carrying capacity at farm or site scale, density-dependent processes (e.g. due to local food or space limitation) still might occur within a farm at the culture unit scale. Examples are found for oysters in cages (Manley et al. 2009; Robertson et al. 1987) , mussels on longlines (Rosland et al. 2011) , mussels on bottom plots (Capelle et al. 2014) or scallops in nets (Zhang et al. 2006) . At the current set-up, we found that the half-grown oysters were not easily overstocked and biomass production per area can be substantially increased by increasing stocking biomass per bag.
Effect of immersion time
We found that growth rates were lowest at highest immersion time in summer; this is when food levels were highest and when spawning takes place, while during the other periods, there was no trend. Meat content (condition index) at harvest was higher at lower densities and when oysters were longer immersed. Survival was not affected by density or immersion period.
Contrary to what was expected, oyster growth rate and survival rate were not higher when longer immersed. It was expected, i.e. based on Spencer et al. (1978) , that longer immersion times provide longer access to food and support higher growth rates in shellfish. However, this relationship does not appear to be straightforward for oysters under field conditions, due to various confounding factors that might affect growth. For example, in Wales, where Pacific oysters were exposed to air (~100-70% immersion), no effect on survival was found, but growth increased with immersion (Spencer et al. 1978) . However, in another study in Wales, King et al. (2006) found no difference in growth between cultured M. gigas that were exposed to air for 4 h (~33% immersion) and oysters that were exposed to air for 1 h (~83% immersion) per tidal cycle, according to the authors, probably, because of food competition due to heavier fouling and heavier Polydora sp. infestation when longer submerged.
Sampling of natural oyster beds in the German Wadden Sea, Diederich (2006) showed that growth of M. gigas was not affected by the tidal level (nor by substrate or barnacle fouling).
For C. virginica, no effect of immersion on growth was found when immersion period was above than 75% (Roegner and Mann 1995) . An improved (or higher than expected) growth when oysters are exposed to air for some time, compared to oysters that are submerged all the time, can occur when a periodic growth of oysters is higher than a continuous growth. This faster periodic growth can be caused by a stronger selection mechanism for the survival of fast growing individuals in the intertidal zone, or because of higher energy conservation and supplementation (Crosby et al. 1991; Gillmor 1982) . Oysters also have an advantage to settle at higher shore levels, because there is a reduced predation pressure (Bartol et al. 1999) . The development of natural M. gigas reefs in the Oosterschelde, where our study was also situated, is limited up to an immersion time of 45%, and here, oysters showed the best performance at an immersion time of around 80% (Walles 2015) . With an immersion of 73-87%, our treatments were situated below and above this optimal immersion period.
A plausible reason why immersion had an effect on condition index but not on shell growth over the experimental period is due to spawning activities. It appears that oysters at lowest density and highest immersion time displayed the lowest growth rates (see Fig. 5e and also note the interaction between density and immersion time for that period). This is likely a result of the spawning activity. Delaporte et al. (2006) found that when oysters were kept at higher food levels during gonad development, they allocated the majority of their energy to gonads. Hence, oysters under more optimal conditions (low density and high immersion time-that resulted in the highest oyster condition at the end of the experiment) could have had a higher reproductive output and lost more weight to spawning. This suggests that a longer immersion period favours growth, but when in summer, food levels are high, most of the extra energy is allocated to gonadal development.
Condition at the end of the experiment was higher at an immersion time of 87% than it was for the two more similar immersion times of 76% and 73%. This effect is likely caused by feeding time and not by food depletion, because the effects are clearly more related to the immersion periods at the site than to position on the plot relative to other oysters (e.g. middle vs edge). Soft tissue growth rates, i.e. changes in condition, can show different patterns in shellfish than growth in shell length. For example, in the ribbed mussel and in the blue mussel, soft tissue growth is accelerated after spawning, while shell growth decreases (Hilbish 1986; Borrero and Hilbish 1988) . In the study of Honkoop and Bayne (2002) on density effects in Pacific oysters and Sydney rock oysters, shell growth and somatic growth were uncoupled and their results were very similar to our study: an overall density-dependent effect in condition, but a lesser effect on shell length.
Implications for culture
Optimal stocking densities has been defined in terms of biomass production as the minimum stocking densities that will produce the maximum biomass production (Fréchette et al. 1996) . The optimal stocking density has also been defined more economically as the maximum return per culture unit, with oyster bags as culture units for trestle culture. Hence, the question is if the farmer wants to growth as much biomass (tonnes) of oysters as possible, or if the farmer wants to harvest oysters with as much meat content as possible? We found that this does not need to be mutually exclusive, because treatments had a different effect on meat content than on biomass production. Oysters might be kept at higher stocking densities to increase biomass production during most of the growth cycle, but restocked in lower densities, with longer immersion times prior to harvest to maximize meat content during harvest. An excellent follow-up study would evaluate cost-benefit of differing densities and immersion times at site scale.
